The Rayleigh-Taylor instability (RTI) plays an important role in the dynamics of several astronomical objects, in particular, in the supernovae (SN) evolution. In the present paper we examine the dynamics of a shell (representing a type II SN remnant) blown-up by a wind emitted by a central pulsar. The shell is accelerated by the pulsar wind and its inner surface experiences the RTI. We develop an analytical approach by using a specific transformation into the coordinate frame co-moving with the SN ejecta. We first derive a non-stationary spherically symmetric solution describing an expansion of a gas shell under the pressure of a central source (pulsar). Then, we analyze its 3D stability with respect to a small perturbation on the inner shell surface. The dispersion relation is derived in the co-moving reference frame. The growth rate of the perturbation is found and its temporal evolution is discussed. We compare our result with the previous published studies and apply it to the Crab nebula evolution.
Introduction
The Crab nebula observations lead us to conclude that the expansion of the supernova remnant (SNR) is non stationary (Trimble, 1968) . Indeed, the supernova (SN) ejecta are accelerated by the central pulsar wind and a initially homogeneous shell is decomposed in a complex filamentary structure. For a typical filament position about r 1 pc from the central pulsar, with an age about t ∼ 930 years (Davidson and Fesen, 1985) , the ratio r/t gives the average filament velocity about 1050 km s −1 ; but the current velocity is 10% greater (∼1150 km s −1 ). This result shows clearly that the nebula was accelerated (Trimble, 1968; Davidson and Fesen, 1985) . Moreover the Hubble Space Telescope high resolution observations of the Crab nebula show that the filaments are arranged in a structure that morphologically is similar to the non linear stage generated by the RTI. It develops at the interface between the pulsar-driven synchrotron radiation and a shell of swept-up ejecta (Hester et al., 1996) . The Crab nebula belongs to the so-called family of pulsar wind nebula (PWN). Hereafter we use this more general expression.
A hydrodynamic model of PWN has been developed by Blondin et al. (2001) and Chevalier (2005) . Several analytical and numerical studies are devoted to the interaction between the pulsar wind and the SN ejecta (Jun, 1998) . Reynolds et al. (1984) studied a self-similar homologue spherical expansion model where the radial velocity is proportional to the radius. The fact that the synchrotron luminosity of the pulsar decreases in time plays an important role in the PWN evolution. However, in his simulations (Jun, 1998) considers a constant pulsar wind pressure in interaction with expanding ejecta. He carried out 2D simulations of the RTI development in a thin shell expanding during several thousand years, while the pulsar luminosity decreases in a shorter time scale. Blondin et al. (2001) studied the evolution phase beyond 10 4 years, Fig. 1 Density profile for a PWN, the density is in g/cm 3 and the radius in cm. There are an expanding pulsar wind, a region of shock pulsar wind at radius r 0 (pulsar bubble), a swept shell of ejecta is bounded by a shock at r 1 (or R p ). We consider stability of the shell of ejecta of thickness r 0 -r 1 . From Blondin et al. (2001) when the reverse shock in the ejecta (denoted R 2 in Fig. 1 ), due to the interaction between the ejecta and the interstellar medium interacts with the pulsar wind. More recently, Bucciantini et al. (2004) carried out a MHD simulation to take into account the magnetic field effect on the RTI development over a time scale of 2000 years.
However, the relation between SN fragments characteristics and the wind pressure remains unclear. In this paper, our study is based on the analytical model developed by Ribeyre et al. (2005) , which is similar to that of Bernstein and Book (1978) . In this model, the pulsar wind composed by high energetic particles and photons, is modelled by a pressure law that varies during the shell expansion. The evolution phase that we consider in this paper is the same that Jun (1998) studied. It concerns the period about 1000 years after the SN explosion and we are taking into account the non-stationarity of the shell evolution, and the acceleration phase is followed by the ballistic movement.
The following assumptions have been made: -The mass brought into the expanding shell is negligible and consequently the mass of the shell is constant. -The pulsar wind density is small compared to the density at the inner shell interface. -The outer shell interface is in contact with vacuum.
The first assumption is valid if one considers a period of evolution of the PWN not too close to the explosion time, i.e., when the shell was already formed and consequently, its mass does not evolve much more (Chevalier, 2005) .
The second assumption is valid because the pulsar wind density is low and it brings little matter to the shell. In our study, we do not consider the effect of the ablation process on the instability development driven by the wind (Atzeni and Meyer-Ter-Vehn, 2004; Sanz and Betti, 2005) . Although ablation is possible, it should not have a strong effect since the radiation of the pulsar is trapped inside the shell volume and, Fig. 2 Simplified model of the PWN. A shell of ejecta is blown by the pulsar wind and the RTI develops at the inner shell interface. We assume that the pulsar wind have a negligible density and that the outer shell is in contact with vacuum consequently, the ablation and the deposition of the wind matter on the inner shell surface balance. Moreover, it is known that ablation stabilizes the small wavelengths, whereas we are interested in large wavelengths compared to the shell thickness.
The third assumption is valid for a shell expanding in an interstellar medium of a very low density or for a young supernova remnant. Moreover, the derivation below shows that the external boundary condition of the shell has a little influence on the RTI growth rate, because only the inner interface of the shell is unstable.
In our paper we consider a perturbed amplitude smaller than the shell thickness. This configuration is appropriate for studies of the shell fragmentation. The case of thin shell, where the perturbed shell amplitude is greater than the shell thickness, was considered in Ref. (Kull, 1991) .
Shell space-time evolution
Our analysis of expansion of a shell blown by a pulsar wind (see Fig. 2 ) is based on the model developed by Ribeyre et al. (2005) . We consider a family of solutions of the Euler equations, for a polytropic gas, such as p = Kρ γ . The effect of the pulsar wind is treated by a pressure law acting on the inner interface of the ejecta.
A non-stationary spherically-symmetric solution for the unperturbed radial shell flow is described by [see in Ribeyre et al., 2005] ,
v r (r, t) = r C 2 τ β + (β 2 + 1)
